Abstract: We experimentally demonstrated the dependence of ethylene fragmentation on the pulse duration of a strong laser field. We achieve control over molecular fragmentation on multiple-dimensional reaction coordinates with laser fields.
Introduction
Controlling chemical reaction with optical fields is a very exciting topic since decades [1] . In general femto-chemistry, chemical reaction is controlled through excitation of vibrational states by optical fields. Recently, it was demonstrated experimentally and theoretically that via control over the CEP, fragmentation reactions of hydrocarbons can be strongly enhanced or suppressed due to control over electronic excitation with electron recollision [2] . Chemical bond break followed by strong field ionization within a few femtosecond is determined by the electron and nuclear dynamics during and after ionization process. The electron dynamics is on the time scale of subfemtosecond or attosecond, where the fast C-H bond vibrational stretching dynamics happens on the time scale of 10 fs. To understand the mechanism of ultrafast optical controlling of chemical bond break, the key is to understand the fast electron dynamics and following nuclear dynamics. The ionization process will put the molecule into the ground or electronic excited ionic states. After that, the rest electron density may be quickly redistributed and in the meantime nuclei undergo such changes in the system and will try to find new equilibrium geometry, and might consequently lead to certain bonds break. In case of polyatomic molecules, fragmentation may happen along multiple dimensional reaction coordinates. To insight the process, we experimentally studied molecular fragmentation of triply charged ethylene by few-cycle laser fields.
Experiments
In the experiments, we measured full three-dimensional (3D) momentum vectors of fragment ions from field ionized ethylene molecules in coincidence using a reaction microscope [3, 4] . Details of experimental setup can be found in our previous publications [5, 6] . The laser beam is linearly polarized along the spectrometer axis, with pulse duration (FWHM) adjustable from 4.5 to 25 fs at center wavelength 795nm and with repetition rate 5kHz, was focused by a spherical Ag mirror with 60 mm focal length onto a super-sonic, ethylene gas jet of 170 micrometer in diameter in an ultrahigh vacuum chamber ( 1.3 × 10 −10 mbar). The ions from ionized molecules were guided to a time and position sensitive channel plate detector by an homogeneous electric field with field strength 23V /cm.
Results and discussion
From the measurements, we identified two two-body fragmentation and three three-body fragmentation channels from triply charged ethylene, as follows,
Channel (1) is a concerted process of two C-H bonds break, while Channel (2) is sequential processes of two C-H bonds break following Channel (4) . Similarly, Channel (3) is sequential processes of one C-H bond and one C-C bond break following Channel (4). Chanel (5) involves only a C-C bond break. In this submission, we focus on only C-H bond break Channels (1,2,4). To reach final production of three-body fragmentation C 2 H + 2 + H + + H + , there are two possible ways, concerted Channel (1) and sequential Channel (2). In a diagram of reaction coordinate, as shown in Fig. 1(a) , Channel (1) reacts along the diagonal of the two-dimensional coordinates, while Channel (2) first goes along one of the coordinates and later after one bond break second step happens along the other coordinate. Worthing to mention, Channel (2) is not necessary to happen on the same potential energy surface as Channel (1) .
To separate Channel (1) and Channel (2) in the measurement, we introduce an asymmetry parameter defined as A = (p 1 − p 2 )/(p 1 + p 2 ), where p 1 and p 2 are the momenta of the two protons, respectively. When the two proton have identical momentum value, the asymmetry parameter equals 0. For the concerted process, the two ejected protons share the released kinetic energy, therefore, end at similar momentum value, which leads to an A value near 0. On the other hand, for sequential process, the first proton gains higher energy through the first fragmentation step than the second proton, which leads to A value away from 0. The experimental measured A distribution over proton momentum is illustrated in Fig. 1 . Both distribution near 0 and away from 0 are observed. The concerted contribution can be selected with a condition |A| < 0.08, while the sequential contribution with a condition |A| < 0.12. Kinetic energy released (KER) contains the information of the energy of the initial ionic state which leads to the fragmentation. Channel (1) and Channel (2) have the same final ion products, but they have slightly different KER, as presented in Fig. 2(a) . The KER of sequential process has peak distribution at 13.4 eV, while that of concerted process at 12.9 eV. The 0.5 eV difference indicates different initial charge distribution after triple ionization of the molecule for sequential and concerted processes. For the concerted process, two positive charges localize on two protons and the rest one locates on the carbons of the rest C 2 H + 2 . In the case of sequential process, one positive charge localizes on one proton and the rest two first sit on the carbons which lead to long life time C 2 H ++ 3 (Channel (4)), and the second step of fragmentation happens after the rest two positive charges redistribute within the dication. In the sequential process, the three positive charges initially localize more concentrated which leads to slightly higher Coulomb potential energy and later transfer to the KER of the fragmentation process.
In Fig. 2(b) , the channel strength ratio between sequential and concerted channels is presented as a function of laser pulse duration. It clearly show monotonically increasing of the ratio as increasing of the laser pulse duration. The ratio increases from 1.8 up to 2.5 when the laser pulse duration increases from 4.5 fs up to 25 fs. Not only the CEP of laser pulses but also intensity and pulse duration are already found to be used for control over population of the molecules to some certain excited states through ionization of electrons from selective inner valence orbitals and leads to one chemical bond break afterwords [2, 7] . Here in this submission, such mechanism can be applied for control over molecular fragmentation for the situation of two chemical bonds break.
As a conclusion, we experimental demonstrate control over molecular fragmentation with the pulse duration of a laser pulse on multiple-dimensional reaction coordinates, which opens a way for control over molecular reaction with laser electric fields involving with more than one chemical bonds.
